Abstract
Introduction

23
The transport properties of water, the main controller of degradation under various actions 24 including cyclic freezing-thawing, carbonation, steel reinforcement corrosion etc., are significantly 25 important in the quantitative analysis on the deterioration of cement-based materials [1] [2] [3] . Under 26 real service, most cement-based materials are rarely saturated in engineering practice. In most 27 ω = θ /θ s , ω i = θ i /θ s
3 in which θ (-) is the volumetric water content. Subscript "i", "s" denotes initial unsaturated state and fully saturated state, respectively. For an isotropic porous material with initial water saturation 94 degree ω i , the cumulative volume of water suction per unit area of the inflow surface V w (L) will 95 linearly increase with the square root of the suction time span t (T),
from which the sorptivity S (ω i ) for initially unsaturated cement-based materials can be easily 97 regressed. Actually, sorptivity S (ω i ) is usually obtained by fitting the measured V w at different 98 time t to the below relationship [5, 31] 99
in which B (L) is a correct term accounting for the filling of open porosity on the inflow surface
100
(surface effect). This measurement can be conducted in general laboratory.
where D i and n i denotes the hydraulic diffusivity and shape parameter corresponding to θ = θ i (Θ = 0). From the General Solving Approach (GEA) proposed by the corresponding author [26] ,
119
the relationship between hydraulic diffusivity D i and sorptivity S (ω i ) may write (6) in which τ (-) is a coefficient determined only by the shape parameter n i . For more detailed 121 information, one can refer to reference [26] . Theoretically, the calculation of coefficient τ from 122 GEA is very complicated and time-consuming, provided that the shape parameter n i is known.
123
Approximately, the relationship between coefficient τ and shape parameter n i , which is tabulated 124 in reference [26] , can be well approximated by the following function Equation (7) Neutron Radiography [9] etc. These experiments cannot be generally afforded, thus other easy 145 methods are needed to assess shape parameter n 0 . Herein a simple method is proposed to obtain 146 shape parameter n 0 from sorptivity measurement for initially unsaturated cement-based materials, 147 which can be generally carried out. 
Assessment of shape parameter and initial hydraulic diffusivity
149
The hydraulic diffusivity D (ω) and capillary sorptivity S are strongly affected by water sat-150 uration degree [36] . After introducing reduced water saturation degree Θ in Equation (5), the 151 saturation degree ω can be expressed as,
Therefore, for an cement-based material with initial water saturation degree ω i , the exponential 153 hydraulic diffusivity can be calculated as,
which can be further arranged as
Comparing Equations (5) and (11), it is easy to know that, for the unsaturated case with initial 156 water saturation ω i , the hydraulic diffusivity also observes exponential law with respect to reduced
The GEA can be also applied to this situation and gives the relationship between D i and n i in the 159 same way, as shown in Equation (6) . From Equations (6) and (12), the relationship between shape 160 parameter n 0 and sorptivity S (ω i ) for cement-based material with initial saturation degree ω i is,
which can be further re-arranged as,
Then, the relative sorptivity S r (-) can be given as,
After measuring the sorptivity S (ω i ) at different levels of initial saturation degree ω i , the shape 
Determination of relative permeability to water and gas
168
From the unified models for various mass transport properties, the relative permeability to wa- 
where α (-) and β (L −1 ) are two fitting parameters. Then, the capacity function C (ω) (L −1 ) can 174 be explicitly calculated as,
Furthermore, the water permeability k w (L 2 ) can be evaluated from hydraulic diffusivity and ca-pacity function as [5, 25] ,
where µ w (M · L −1 · T −1 ), ρ w and g is the dynamic viscosity, density of liquid water and gravita-178 tional acceleration, respectively. Therefore, the saturated water permeability k sw (L 2 ) and relative
179
water permeability k rw (-) can be yielded as [25] 180
and
If the relationship between relative water permeability k rw and relative gas permeability k rg (-) 182 is quantified by the Burdine model [15, 25] , then the relative gas permeability can be formulated 183 from relative water permeability k rw (ω) as,
After evaluating shape parameter n 0 and fitting parameter α, the relative permeability to water and 185 gas k rw, rg can be determined through Equations (20) 
Finally, the water vapour desorption and adsorption isotherms giving the relationship between 230 equilibrated water content and ambient relative humidity are obtained. The first cycle desorption,
231
oven drying and adsorption process took about 22 weeks, 7 weeks and almost 1 year, respectively.
232
The water content w and saturation degree ω are averaged over two specimens in balance with 233 each relative humidity and listed in Table 2 .
234
The first cycle desorption and adsorption isotherms can be further translated into the water 235 retention curve, which quantify the relationship between capillary pressure head h c and the satu- 
in which R (J/mol/K), T (K) and M w (kg/mol) is the universal gas constant, absolute temperature 239 and molar mass of water, respectively. After obtaining saturation degree ω in balance with differ-ent relative humidity, the water retention data can be further calculated, which will facilitate the 241 analysis of water permeability and relative gas permeability for unsaturated concrete materials. to the atmosphere. It can also help to ensure the specimen saturated with the concerned liquids.
261
Under the action of pressure difference, the liquid will flow through the specimen from bottom to 
270
For gas permeability testing, the compressibility of inert gas and slippage effect happened in small pores should be taken into account. With the identical steady state permeameter, gas 272 permeability of argon gas is measured at controlled ambient temperature 20°C. Each totally dried 273 specimen of size φ 65 × 30mm is placed inside the permeameter and then subjected to a constant 
where µ g (Pa·s) is the gas viscosity (2.2E-5 Pa·s for argon gas at 20°C). It is well known that 282 apparent permeability k app is dependent on the inlet pressure due to the gas slippage at small pore 283 walls, which is understood as the Klinkenberg effect [45] . To obtain the intrinsic permeability k int
284
(m 2 ) of porous medium independent of the inlet pressure, the following relationship is further
where β k (bar) is named as Klinkenberg coefficient or slippage factor. In these experimental 287 procedures, the apparent gas permeability k app for each specimen is measured at four levels of always observed for all disk specimens. One typical regression for intrinsic gas permeability k int is 292 shown in Figure 2a . It is worthy noted that the inlet pressure adopted herein is almost one order of 293 magnitude higher than that recommended in CEMBUREAU method to enhance the volume flow 294 rate of gas [46, 47] . This will be further discussed in following Section 4.4.
295
According to the above testing methods and procedures, the permeability to liquid water, argon 296 gas and ethanol are measured in sequence on 3 disk specimens of size φ 65mm×30mm from 297 each concrete material, as listed in Table 3 indirectly calculated from measured sorptivity and water vapour sorption isotherms, which will be 301 further analyzed in Section 4.3. 
Preconditioning strategy for unsaturated gas permeability and sorptivity measurements 303
After choosing the measurement method for gas permeability, the key of unsaturated gas per-304 meability and following capillary sorptivity measurements is how to prepare the unsaturated con-305 crete specimens of various water content uniformly distributed in its pore space. To measure the 306 gas permeability and capillary sorptivity for unsaturated concrete materials, a procedure of uni-307 formly drying out moisture is an unavoidable necessity. There are various preconditioning meth-308 ods adopted in literature to attain this goal. In brief, they can be categorized into two kinds, the 309 accelerated drying-equilibrium method [8, 19, 48, 49] and the natural sorption method [50, 51] .
310
By the accelerated drying-equilibrium method, the specimen is first dried to target water content 311 and then sealed for a period to make water uniformly distributed at a relative high temperature.
312
While by the natural sorption method, the specimen is put into a closed ambience of certain rel-313 ative humidity controlled constant until mass stabilization. Since the natural sorption method is 314 remarkably time-consuming, the accelerated drying-equilibrium method is widely adopted.
315
To prepare unsaturated concrete specimens for gas permeability and capillary sorptivity mea-316 surements, a self-scaled drying-equilibrium procedure is designed and implemented. The critical 317 idea is that the time cost by partly drying to pre-designed water saturation degree plus the equi- alteration of micro-structure.
322
To experimentally investigate the gas permeability and capillary sorptivity for unsaturated con- water for another 7 days to make it initially saturated. To ensure one dimensional fluid flow in 325 sorptivity measurement, the curved surface of each disk is carefully covered with epoxy resin.
326
After evaluating the capillary porosity for each concrete material (as shown in Table 1 ), the pre- all specimens are put in a oven-drying chamber to be partly dried under temperature 60°C. In the 330 drying process, their mass are regularly monitored. Once the target mass reduction for any spec-331 imen is met, the specimen is wrapped by aluminum foil to stop water evaporation and then still 332 stored in the chamber until the last 2 specimens (denoted as KS-7/8) are totally dried to constant 333 mass (relative change of mass is less than 0.1% in 7 days). At that time, the water content in the 334 wrapped concrete specimens with various saturation degrees are thought to be uniformly stored 335 in its pore space. By this well-designed drying-equilibrium procedure, it takes about 10 weeks to 336 prepare partially saturated specimens. After preconditioning, all specimens are cooled down to 337 room temperature for the first cycle (1st) measurements of gas permeability and following cap-338 illary sorptivity. In this self-scale preconditioning scheme, the required equilibrium time span is 339 scaled by himself without a priori determination. The effect brought by this carefully designed 340 self-scale preconditioning is very good, which will be further discussed in Section 4.4. After the first cycle measurements of gas permeability and sorptivity, the water content of 342 all specimen are altered. To obtain relative gas permeability for each individual specimen, right from the first cycle measurements, the gas permeability and capillary sorptivity at both partially 350 saturated and totally dried states can be measured for each specimen, as listed in Table 4 on the bottom surface, and then weighted to obtain the absorbed water mass m w (g). Right after weighting, the specimen is re-set in the water tray to continue water absorption. All these opera- are always observed for all concrete specimens.
368
After the gas permeability measurement in the first and second cycles, the capillary sorptivity 369 are measured on one identical circular surface for each specimen at both partially saturated and 370 totally dried statuses, as listed in Table 4 The desorption and adsorption isotherms listed in Table 2 are plotted in Figure 3a to show the 377 relationship between equilibrated water mass content w and relative humidity RH. Each plot of the 378 curves in Figure 3a is the average value of experimental data obtained on two disk specimens for 379 each concrete material. The water mass content at RH = 1 is represented by that at fully saturation 380 state. Furthermore, the desorption and adsorption isotherms are also translated into water retention 381 curve to give the capillary pressure head h c at various saturation degree ω, as shown in Figure 3b .
382
In Figure 3a , the hysteresis effect between first cycle desorption and adsorption is obviously Quantitatively, the Zhou model Equation (16) with two fitting parameters α and β is employed 399 herein to describe the water retention data in both desorption and adsorption processes, as shown 400 in Figure 3b . The regressed empirical parameters α and β are also listed in 
Indirect evaluation of hydraulic diffusivity from sorptivity
419
The key to determine hydraulic diffusivity of exponential law is to evaluate the shape param-420 eter n 0 and initial hydraulic diffusivity D 0 in Equation (4), which can be achieved by nonlinearly 421 fitting the relationship between normalized sorptivity S/θ s and initial saturation degree ω i through 422 Equation (14). From the volumetric water content θ s at saturation and sorptivity S measured in 423 both 1st and 2nd periods, as listed in Table 4 and plotted with respect to corresponding initial saturation degree ω i in Figure 5 . Due to the sig- following Table 8 .
432
From Figure 5 , the evolution of normalized sorptivity S/θ s with respect to initial water satu-433 ration degree can be roughly captured by the theoretical formula Equation (14) ods are all near typical value about 6.0 for cement-based materials [3] . However, the correlation 436 coefficient R 2 is relatively small due to great scattering of measured sorptivity for unsaturated 437 specimen with low initial saturation degree. In the 2nd period, the sorptivity measured on the 
456
As an important transport property, the hydraulic diffusivity of exponential law can be deter-457 mined by Equation (4) yond saturation degree about 0.8, the hydraulic diffusivity for concrete C19 of the smallest W/C 464 ratio is biggest while C39 with the highest W/C ratio is smallest. It is surprised to find that the 465 calculated hydraulic diffusivity for these three concrete materials decreases with increasing water 466 to cement ratio, which significantly disagrees with some experimental studies [3, 57] . Actually,
467
it is mathematically reasonable since the hydraulic diffusivity D (ω) is determined by water per- 
480
It is worth noting that the physical significance for hydraulic diffusivity is also rather ambigu-481 ous [3, 63] . One should always bear in mind that, hydraulic diffusion is actually a liquid water 
Indirect assessment of water permeability
494
Theoretically, unsaturated water permeability k w (ω) can be evaluated from capacity function 495 C (ω) and hydraulic diffusivity D (ω) through their relationship, which have been determined 496 from water vapour sorption isotherms and sorptivity measured on unsaturated concrete specimens.
497
Since the cylinder specimen is subjected to a wetting process in sorptivity measurement, only 498 the water retention curve and thus capacity function obtained in adsorption process (wetting) is 499 adopted to calculate water permeability through Equation (18), as displayed in Figure 7b . The 500 corresponding water permeability k sw at saturation states are also listed in Table 8 . Importantly, 501 great attention should be paid to the unit of all quantities involved in Equation (18) when calculat-502 ing unsaturated water permeability.
503
More information about Zhou and Parlange methods can be obtained by comparing the un-504 saturated water permeability in Figure 7b , predicted water permeability in Table 8 as well as the 505 measured permeability to different fluids in Table 3 . The first sight from Figure 7b is that the 506 water permeability for all three concrete materials is very sensitive to saturation degree especially 507 when saturation degree is higher than 0.8, which is very common for concrete materials under real 508 service. This is rather similar to the behavior of hydraulic diffusivity with respect to water satu-509 ration. Secondly, the water permeability predicted from either Zhou method or Parlange method 510 23 is larger than measured water permeability for concrete C39 but at the same order of magnitude.
511
The predicted water permeability is over-estimated due to the shrinkage micro-cracking induced 512 by moderate drying in sorptivity measurement and water vapour sorption experiment [53, 56, 64] .
513
It is also reported that the water permeability measured by steady flow method may be under-514 estimated because of the self-sealing effect [3, 65] and dissatisfaction of full saturation even under 515 high inlet pressure [14, 66] . As a results, the broad gap between predicted and experimentally 516 measured water permeability is observed. It is also highlighted that, although the saturated water 517 permeability for dense concretes C19 and C29 cannot be experimentally measured by steady state 518 permeameter, they can be indirectly predicted from measured sorptivity and water vapour sorp-519 tion isotherms. Thirdly, the measured permeability to argon gas and ethanol in Table 3 are very 520 similar and almost 2 orders of magnitude higher than measured and predicted water permeability.
521
It agrees very well with the reported experimental results in published work [14] . Finally, since 522 concrete materials C19, C29 and C39 are of increasing water to cement ratio, it can be judged 523 from common sense that the permeability for them will be increasing in this sequence, which is 524 also verified from the experimental results of their permeability to argon gas and ethanol in Ta-525 ble 3. However, in Table 8 only the saturated water permeability predicted from Zhou method facilitate the following analysis, some important features about these materials and corresponding 544 testing methods for gas permeability are also extracted from literature, as listed in Table 9 .
545
Although the compositions and mix proportion of the three concrete materials concerned shown in Figure 8b are measured by the classic CEMBUREAU method with low absolute inlet 557 pressure P i about 2-4 bars [46] , which is almost 1 order of magnitude lower than that used in the 558 tri-axial permeameter method.
559
From Figure 8a , the relative gas permeability measured on the three concrete materials con-560 cerned herein obeys almost the same law with another two concrete materials CEMI and CEMV. view, the self-scaled preconditioning strategy brings as good effect as the natural desorption and 569 adsorption methods to prepare unsaturated specimen with certain saturation degree. In another 570 aspect, as discussed in Section 4.2, the surface contact with liquid water causes some influences 571 to the microstructure of concrete materials, which makes the sorptivity measured in the second 572 cycle scattered or even ambiguous. However, it brings little effect to the measured relative gas 573 permeability. Therefore, the alteration of microstructure caused by contact with liquid water is 574 rather superficial and does not obviously affect the relative gas permeability measured on thick 575 specimen.
576
When comparing the predicted relative gas permeability to the experimentally measured values 577 in Figure 8a , it can be seen that the measured relative gas permeability for C19, C29 and C39 578 are remarkably underestimated by the proposed model Equation (21) over the whole range of 579 saturation degree. On the contrary, the proposed model can well capture the evolution of relative 580 gas permeability for some other concrete materials, as displayed in Figure 8b . This unexpected 581 difference is extremely difficult to interpret.
582
After thorough literature investigation, it is easy to find out that these two measurement meth-583 ods are rather similar but with some important different details including the sample size, sample 584 conditioning method, the confining pressure and the inlet gas pressure. These four factors may be 585 responsible to the obvious difference between relative gas permeability measured by the tri-axial 586 permeameter and CEMBUREAU methods. Firstly, it was reported that there is no size effect ob-However, another experimental research suggested that specimen of small size will have higher intrinsic gas permeability [64] . Although the influence of pore structure characteristics on rela-590 tive gas permeability is almost negligible [18] , the size effect on relative gas permeability can be 591 slightly observed from the experimental data reported in reference [49] . Specimen with smaller 592 ratio of size to MSA has a litter higher relative gas permeability. Comparing the ratio of specimen 593 size to MSA listed in Table 9 , we hardly believe that the size effect is responsible to the obvious 594 difference between relative gas permeability measured by the tri-axial permeameter and CEM-595 BUREAU methods. Secondly, the sample preparation methodology adopted herein is as good as 596 natural sorption method at preparing concrete specimen with uniform water content. As regards 597 the partially saturated specimens on which the relative gas permeability shown in Figure 8b are 598 measured, they were prepared by either step-by-step sorption method (BO and BH, at 45°C and Thirdly, although the confining pressure in tri-axial permeameter method is remarkably higher 605 than that in CEMBUREAU method, it is still rather small when comparing to the strength of con-606 crete materials. Then it can be easily judged from available experimental data that the influence 607 of confining pressure is also negligible and thus irresponsible to the obvious difference [69, 70] .
608
Finally, it is widely observed and accepted that the intrinsic gas permeability after the Klinkenberg 609 effect correction is independent on the inlet gas pressure. From this rule, the inlet pressure should 610 not be responsible to the obvious difference. Moreover, the mass for each specimen monitored 611 before and after gas permeability testing is negligibly changed. There is no desaturation during 612 testing and the overall water content was not altered. However, the spatial distribution of water 613 especially the isolated liquid water islands may be affected by the much higher inlet pressure in 614 the tri-axial permeameter method. The liquid water islands blocking the way of quick gas flow 615 may be driven away by the action of high inlet gas pressure. As a result, the connectivity of pores 616 available to gas flow may be promoted to increase the gas permeability and thus its relative value 617 for unsaturated specimen. In the authors' opinion, the inlet pressure is the most remarkable dif-618 ference between tri-axial permeameter and CEMBUREAU methods. Although the alteration of 619 water spatial distribution is not supported by direct evidence, it may at least partly contribute to 620 the observable difference between tri-axial permeameter and CEMBUREAU methods. usually applied for soil materials of porous structure deviating far from cement-based materials.
630
Whether it is suitable to cementitious materials has been questioned in another paper published 
Concluding remarks
642
• The hydraulic diffusivity and water permeability for cement-based materials are proposed 643 to be indirectly evaluated from measured sorptivity and water vapour sorption isotherms.
644
Assuming that the hydraulic diffusivity for cement-based materials obeys exponential law, 645 the capillary sorptivity for initially unsaturated cement-based materials is theoretically de-646 rived. From the theoretical dependence of capillary sorptivity on initial saturation degree, 647 the hydraulic diffusivity can be indirectly computed. Together with the water retention data 648 translated from water vapour sorption isotherms, the unsaturated water permeability can be 649 analytically evaluated. Moreover, the relative gas permeability can be further calculated 650 from the relationship between relative permeability to water and gas.
651
• An experimental program is carefully designed and conducted to measure the water vapour 652 sorption isotherms, capillary sorptivity, permeability to liquids and gas, as well as relative 653 gas permeability for three concrete materials with different water to cement ratios. Based 654 on the measured capillary sorptivity and water vapour sorption isotherms, the hydraulic diffusivity, unsaturated water permeability and relative gas permeability are indirectly pre-656 dicted and then thoroughly compared to experimental data. It is found that the hydraulic 657 diffusivity is not a good transport property indicating the durability potential of concrete 658 materials. Moreover, the predicted water permeability at saturation is larger than the ex-659 perimentally measured value but at the same order of magnitude. The over-estimation of 660 water permeability is attributed to the micro-cracking induced by drying action applied in 661 pre-conditioning process. This method can be applied to estimate the water permeability of 662 dense concrete materials, on which the direct measurement may be not practical.
663
• The relative water permeability predicted herein agrees well with some reported data, which 664 is also indirectly evaluated from isothermal drying experiments. The predicted relative gas 
670
• A self-scaled drying-equilibrium preconditioning strategy is proposed and applied to prepare 
